their noise figure closely approaches that of masers [1] . The widespread use of these devices in low-noise applications accounts for the strong interest in methods of determining and predicting their noise figure in an efficient manner. (15) and (17), respectively.) As a result, the measured Fm,ln at j~is not a direct measure of the device capability at~0, and cannot be used to predict the high-frequency device performance. Attempts to reduce circuit losses at~~are again stymied by the wafer-handling probe station. This paper presents an alternate solutionl to the problem of predicting Fm,n(~0) on the basis of measurements which can be carried out on an automated wafer probe station and which involve only a low-frequency noise measurement.
C. Outline
The method presented is based on a highly simplified noise equivalent circuit model of the MESIFET, containing only four lumped circuit elements and one noise current source. Each of these five model elements is dependent on the dc bias of the device, but not on~O. A. Faclors Influencing the Noise Figure   To understand the scope and method of this paper, it is helpful to list alll those factors whose influence on the noise figure F of a MESFET microwave amplifier is correctly predicted by the model proposed in this paper. The numerous other design variables that influence F, including the device material, design, and dimensions and the choice of RF circuit design, will be treated as invariants. In particular, the circuit will be assumed to be a single commonsource stage without feedback, which has the advantages of simplicity of circuit design and ease of performance calculation.
In this configuration, the noise figure depends on six parameters: the three parameters describing the circuit (the frequency of interest~0 and the generator conductance Gg and susceptanc(e Bg at this frequency) and the three parameters describing the operating point of the device (the temperature T, the dc drain-to-source voltage V~~, and the dc drain current ID of the MESFET). The dependence c}f F on these six variables is known [10] from theoretical models, experimental measurements, and empirical formulas,, and is illustrated in Fig. 1 for a typical submicron-gate MESFET.
In particular, the temperature dependence has been studied in detail elsewhere [11] , and the present paper will assume room-temperature device operation.
The influence of the remaining five parameters on F is central to the present paper, and is briefly summarized below.
(i) The generator admittance Y~= G~+ jB~, connected at the input port of the amplifier, influences the amplifier F in a manner which is precisely known [12] for any linear two-port:
the optimum value of Yg for which F( Y~) attains the value F'i~; a quantity, having the units of resistance, which is a measure of the sensitivity of F( Yg) to deviations of Yg from its optimum value Yg,OP.
The dependence of F( Y~) on Yg is illustrated in Fig. l(a) .
Since the variation of the device operating conditions (j,,, 1~, and V~~) can cause a change in F(Yg) both directly as well as indirectly via Yg,OP,whereas Fti. is a characteristic of the device unaffected by changes in Yg~P, the following discussion describes the influence of these operating conditions on F~in rather than on F. (ii ) The operating frequency fO influences F~,n as shown by the dotted curve in Fig. l Fmln of an amplifier circuit rather than of the intrinsic device, and its observed variation with frequency is shown by the solid line in Fig. l(b) . At low frequencies, where the circuit losses dominate at the input port, the circuit F~l" approaches a constant value ( >0 dB), which depends on the circuit losses.
(iii ) The dc drain current ID influences Fm,n in the manner shown in Fig. l(d) , with the noise figure attaining a minimum for a drain current equal to a fraction (typically a third to a sixth) of 1~~~, the saturated value of 1f or zero gate bias. The noise figure increases very rapidly below the optimum bias current, but only slowly above it, as shown in Fig. l(d Yg and device parameters are measured is so defined that Lw is treated as a part of the device. Since the purpose of this paper is only to predict Fro,", which is not influenced by lossless parasitic elements, Lw can be set equal to zero. The lossless parasitic elements will become significant in a sequel to this paper [15] , where other noise parameters are also of interest. f--+% the input and the output ports of the noiseless linear ,",..~~.
NOISY PART~NOISELESS PART Experimental measurements do not yield the noise figure of a device, but only that of a circuit in which the device is embedded.
In general, the measured noise figure will not be a characteristic of the device alone, but will also depend on the embedding circuit [16] . Therefore a circuit model of the amplifier is also needed for calculation of a noise figure that can be compared with measurements. Once again, the simplest possible circuit has been selected for our analysis. This circuit is schematically shown in Fig.  2(a) , and consists of a single circuit admittance YC interposed between the generator and the active device.
C. Noise Equivalent Circuit
The noise equivalent circuit of the amplifier of Fig. 2(a) , required for the calculation of noise figure, is shown in Fig. 2(b) . In this noise model, the thermal noise generated in Gg and GC is represented by noise current sources i~and i<, respectively, whose power spectral densities are obtained from the noise temperatures of the two conductance using Nyquist's theorem. Since the goal is to calculate the noise figure, the noise temperature of Gg will be taken to be the reference temperature Tr.f ( = 290 K) to conform with the IRE definition of noise figure [17] . The noise temperature of GC is the ambient temperature at which the circuit is maintained, and is assumed to be the same as T,c[ for simplicity; our calculations will therefore require a small modification if, for examp [e, the amplifier is cryogenically cooled. The noise in the active device is modeled by the two noise current sources i,. and iO connected in shunt with (small-signal) circuit model of the device, as shown in Fig.   2(b) . The principal advantage of thk device noise model, compared to the other possible representations [12] , is that the two noise sources i,. and iO can be directly identified with gate and drain noise currents,l respectively. The input noise scmrce i,n can be subdivided into two parts: one uncorrelated and the other completely correlated with the output noise source iO.
One other modification has been introduced in Fig. 2(b) . The dependent current source g~Vl is written as y~Vz, Fig. 2(c) , where the mutually uncorrelated noise sources i~, iC, and iln are combined, as are also the admittances Gg + jB8, GC+ jBC, and G,.+ jBl~. In addition, the noise current source iO at the output port is replaced by an equivalent noise voltage source e. on the input side which is fully correlated with iO, and which is added to the controlling voltage V2. The source e. is related to iO by a correlation admittance equal to y~; i.e., their correlation coefficient is y~/ Iy~1, and their spectral densities S,. and SiO are related by SIo(u)=lyml%en(o).
Three new parameters are now defined so as to express the results more compactly. where k is Boltzmann's constant.
(ii) An " uncorrelated noise conductance" GU. is similarly defined as the conductance which, when kept at T,.f, will produce a short-circuit thermal noise current having the same spectrum as the spectrum of the uncorrelated part of i,,,.
(iii) A correlation admittance YCO, is defined as the transfer function relating the noise voltage e. to that part of the noise current i,. which is fully correlated with iO. lEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-35, NO. 1~, DECEMBER 1987 The noise 
+2~RJGC+ Gun)+ R;,(GC+ G,n + GC0,)2 . (8) The fourth noise parameter R. can be found by rewriting (6) 
E. Simplifications
In general, the calculated F~,n is influenced by both noise sources i,~and i.. Considerable economy in the measurement and characterization procedures results if the effect of one of these sources (namely il., which is the smaller of the two) is accounted for without a direct measurement of that source. With this objective in mind, consider the various mechanisms contributing to i,.. The part of i,ti which is correlated with iO arises predominantly from the noise current induced in the gate by the noise in the channel current. Since the coupling between the gate and the channel is primarily capacitive, the complex correlation coefficient yCO,between i,n and iO is mostly imaginary with only a small real part. The uncorrelated part of i,.
arises from thermal noise in the input conductance G,n of the device, the noise in gate leakage current, and the induced gate noise current.
Two assumptions will now be introduced which simplify the determination of F~ln by allowing the effect of each of the above two parts of i,n to be estimated, without their explicit measurement.
(i) Moderate
Frequency Assumption:
If the operating frequency f,, is significantly below the device cutoff frequency L, the following approximation holds:
u;C~,R; <<1.
(lo)
Under this condition, the transadmittance y~in (2) is purely real, so that the correlation coefficient between i,. and e., like that between i,n and iO, is largely imaginary, i.e., GCO, = O.
(11)
Then F~ln in (8) (10). Under these conditions, the uncorrelated part of i,. is dominated by the thermal noise in the input conductance G1.. The thermal noise in G,. comes from two sources: the thermal noise of resistances which contribute also to iO (and therefore to the correlated part of i,,,), and the thermal noise of resistances contributing to the uncorrelated part of i,.. Since the former resistances are small compared to the latter, the entire thermal noise of G,~may be identified with the uncorrelated part of it..
Since the device has been assumed to be at the reference temperature T,,f, it follows from the definition of the " uncorrelated noise conductance" in Section II-D that GU. =GL..
With the above two assumptions, the noise figure in (8) reduces to F mm =l+2R,,
+2/Rn(Gc +G,n)+R:(Gc+GJ2.
Two limiting values of this expression are of interest:
(i) Low Frequency Limit:
Since the input conductance of the device,
vanishes at low frequencies, F~,n at low frequencies approaches the limiting value
F~i" =1 +2 R,,GC +2~RnGC + R;G~for G,M << GC (15) which is dependent on the circuit losses.
(ii) Low Circuit-Loss Limit:
C!onyersely, if the circuit losses are negligible or at frequencies sufficiently high that G,,can be neglected compared to G,., GC< G,.
the F~,n in (13) becomes F mln =l+2RHGzti+2/~for GC<< G,.. Fig. 4 for a least-mean-squareerror fit to the measured S parameters. The four device model parameters of Fig. 2(a) were calculated from the fitted parameters of Fig. 4 for each bias value as follows:
(i) The total input resistance, R~= R. + R,, + R,.
(ii) The input capacitance Cg$ is equal to the intrinsic gate-to-source capacitance Cg, of Fig. 4.  ( iii) The transconductance g~is identical in the two models.
(iv) The output resistance RO is also identical in the two models since R~is much smaller than R,,. This procedure was repeated at each dc bias condition of interest to find the bias dependence of each element. These R,, IS the effectwe channel resistance; C,, is the output drain-to-source capacitance: R,ã nd C,lg arc the gate-to-drain feedback resistance and capacitance, with C(,x typically an order of magmtude smaller than Cg,: and 7 accounts for the phase delay in drain current with reference to the mntrolling voltage u'.
four parameters are shown plotted as a function of dc drain current ID, and for a fixed drain-to-source voltage V~~= 3 V, in Fig. 5 . The values of g~and Cg, obtained in this manner show excellent agreement with the results of low-frequency and bridge measurements. This is taken to be an independent validation of the on-wafer method of obtaining these parameters.
C. Output Noise Current Measurement
For MESFET'S in common-source configuration, the power spectral density S,Oof the short-circuit noise current iO at the output port can be measured directly with a low-noise receiver, as indicated in Fig. 6 . In low noise MESFET'S, S,O is frequency-independent in the microwave frequency range [20] , so that, its measurement can be carried out at a convenient low frequency j=. The receiver measures the noise power POut delivered by the device to the input resistance R, of the narrow-band receiver in an . to a few GHz. Our own measurements from 30 MHz to 1.2 GHz showed that the power spectral density was constant, and the exact frequency of measurement in this range was immaterial.
(ii) The RF short circuit required at the gate-source port is easier to provide at the low measurement frequency fL than at a microwave frequency. In our measurements, this was done by a de-blocking capacitor right at the probes used in the on-wafer measurements to contact the device terminals. No instabilities resulted by this procedure for the devices tested.
(iii) In practice, the low-noise receiver can be a communication receiver or a spectrum analyzer, preceded by a preamplifier of sufficiently low noise and high gain. In order to determine the gain and noise figure requirements for this preamplifier, the noise level to be measured can be estimated by using the approximate rule of thumb [21] that the effective noise temperature at the output port of the device is of the order of g~Ro times the physical temperature of the device.
( The power spectrum of output noise current was measured in this manner, as a function of& 1~, and V~~, and the results are shown in Fig. 7 for one of the tested MESFET'S. Over the frequency range of 30 MHz to 1.2 GHz, and for V~~in the range 1 V to 4 V, S,O was constant and was dependent only on 1~, as shown in Fig. 7 .
IV.
In this section.
PREDICTED AND MEASIJRED NOISE PERFORMANCE the minimum noise figure of the device. measured at microwave frequencies, is compared with the F~,n predicted by the device noise model, using the parameter values obtained from on-wafer measurements.
A. Noise Figure Performance The noise figure of the MESFET amp~fier has been expressed in (13) in terms of the three quantities R~, Gi., and GC, The first two of these can be calculated from (5) and (14), using the values of Cg,, R~, g~, and SIO, obtained from on'wafer measurements. The third quantity
GCdepends on the embedding circuit in which the MESFET noise figure is to be determined, and it can be estimated as follows.
If the insertion loss of the "front half" of the amplifier circuit (i.e., the part between the generator and the gate port) is measured in a matched system of characteristic impedance R ,e~(which will typically be 50 Q) and is found to be small, it can be expressed approximately as
Lin, = 1 + R,,~GC.
Thus a measurement of insertion loss yields GC. The measured insertion loss, although dependent on the circuit construction and connectors used, was found to be approximately independent of frequency at lower frequencies (below 10 GHz). At higher frequencies, G, has only a'very small effect on F~in, since it is masked by Gti., and therefore its exact value is not required. Therefore, GC can be treated as a frequency-independent parameter. The value of G, estimated in this manner was further verified as follows. The minimum noise figure of the amplifier at low frequencies is frequency-independent, and is given by (15) . The F~in calculated from (15) was compared with F& measured at 1.5 GHz and was found to be within the range of measurement uncertainty.
Given the three parameters R., G,., and G,, the value of ,n for the device can be calculated at any desired F frequency and dc bias from (13) . Calculated values of F~in are plotted in Fig. 8 (a) and (b) , as a function of ID and fO, respectively.
There was no variation with Vo~over the normal voltage range. In addition, F~ifl was measured for the same devices mounted on a carrier, in a conventional microwave noise figure measurement setup employing a commercial automatic noise figure meter, and the results of these measurements are also included in Fig. 8 (a) and Fig. 8(b) , and the error becomes increasingly larger at lower frequencies.
(iii) The output noise current is characterized in Podell's model by an equivalent noise resistance R~, and its bias dependence is given by the empirical relationship Q = g.Rn = Koexp(K,ID/I~ss) A figure of merit for MESFET'S may also be deduced from the results of this paper. In low-loss circuits, the inherent F~in of the device is given by (17). This is a monotonic function of the product R~G,n. Therefore the inverse of this product can serve as a measure of the low noise capability of the device, and it has a simple physical interpretation: for very low noise devices in which R ,,G,mis very small, (17) can be approximated as Fmln = 1 + 2/m (21) from which it follows that /R&l. = 2/'(Ftin-l)z.
The quantity l/R~G,n has the advantage that it is dimensionless; it is, however, a function of frequency. 
